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Early Limb Patterning in the Direct‐Developing Salamander Plethodon
Cinereus Revealed by Sox9 and Col2a1
Abstract
Direct‐developing amphibians form limbs during early embryonic stages, as opposed to the later, often
postembryonic limb formation of metamorphosing species. Limb patterning is dramatically altered in
direct‐developing frogs, but little attention has been given to direct‐developing salamanders. We use
expression patterns of two genes, sox9and col2a1, to assess skeletal patterning during embryonic limb
development in the direct‐developing salamander Plethodon cinereus. Limb patterning in P. cinereus partially
resembles that described in other urodele species, with early formation of digit II and a generally
anterior‐to‐posterior formation of preaxial digits. Unlike other salamanders described to date, differentiation
of preaxial zeugopodial cartilages (radius/tibia) is not accelerated in relation to the postaxial cartilages, and
there is no early differentiation of autopodial elements in relation to more proximal cartilages. Instead, digit II
forms in continuity with the ulnar/fibular arch. This amniote‐like connectivity to the first digit that forms may
be a consequence of the embryonic formation of limbs in this direct‐developing species. Additionally, and
contrary to recent models of amphibian digit identity, there is no evidence of vestigial digits. This is the first
account of gene expression in a plethodontid salamander and only the second published account of
embryonic limb patterning in a direct‐developing salamander species.
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Direct-developing amphibians form limbs during early embryonic stages, as opposed to
the later, often postembryonic limb formation of metamorphosing species. Limb
patterning is dramatically altered in direct-developing frogs, but little attention has been
given to direct-developing salamanders.We use expression patterns of two genes, sox9
and col2a1, to assess skeletal patterning during embryonic limb development in the
direct-developing salamander Plethodon cinereus. Limb patterning in P. cinereus
partially resembles that described in other urodele species, with early formation of digit
II and a generally anterior-to-posterior formation of preaxial digits. Unlike other
salamanders described to date, differentiation of preaxial zeugopodial cartilages
(radius/tibia) is not accelerated in relation to thepostaxial cartilages, and there is noearly
differentiation of autopodial elements in relation to more proximal cartilages. Instead,
digit II forms in continuitywith the ulnar/fibular arch. This amniote-like connectivity to
the first digit that forms may be a consequence of the embryonic formation of limbs in
this direct-developing species. Additionally, and contrary to recent models of
amphibian digit identity, there is no evidence of vestigial digits. This is the first
account of gene expression in a plethodontid salamander and only the second published
account of embryonic limb patterning in a direct-developing salamander species.
1 | INTRODUCTION
Salamander limb development is unique among extant
tetrapods. The limb buds lack a morphologically distinct
apical ectodermal ridge (Tank, Carlson, & Connelly, 1977;
Torok, Gardiner, Izpisúa Belmonte, & Bryant, 1999), rarely
assume a distinct paddle shape during digit formation
(Franssen, Marks, Wake, & Shubin, 2005; Holmgren, 1933;
Shubin & Alberch, 1986) and express the novel three-
finger-protein-family regulator prod1, which is required for
digit development and regeneration (Kumar, Gates,
Czarkwiani, & Brockes, 2015). The novelty of salamander
limb development is most prominent in the sequence of
skeletal patterning. All other extant tetrapods have
postaxial patterning, in which limb homologs of digit IV
form first in both the manus and pes followed by a general
posterior-to-anterior order of digit formation (Hinchliffe &
Griffiths, 1982; Hinchliffe & Johnson, 1980; Holmgren,
1933; Shubin & Alberch, 1986). In salamanders, however,
formation of the digits follows a preaxial pattern of
development (reviewed in Shubin & Wake, 2003; Fröbisch,
2008). Digit II forms first, often in synchrony with digit I
and the basale commune (a derived mesopodial element),
followed by a general anterior-to-posterior order of digit
formation. In most salamanders, this coincides with earlier
differentiation of the preaxial radius/tibia in comparison to
the postaxial ulna/fibula. The “preaxial polarity” of
salamanders is also found in fossil temnospondyls and
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could possibly be the ancestral condition for tetrapods
(Fröbisch, Bickelmann, Olori, & Witzmann, 2015).
Salamanders also are unique in forming distal mesopodial
and autopodial elements without a continuous condensation
linking them to more proximal cartilages. In particular, the
basale commune and metacarpals I and II tend to form before
more proximal cartilages of the mesopodium and zeugopod
(Blanco &Alberch, 1992; Fröbisch, 2008; Shubin &Alberch,
1986; Shubin &Wake, 2003; Vorobyeva & Hinchliffe, 1996;
Wake & Shubin, 1998). This constitutes an exception to the
general proximal-to-distal order of skeletal differentiation
found in all non-salamander tetrapod limbs (Blanco &
Alberch, 1992; Shubin & Alberch, 1986).
Within salamanders, unique patterns of limb development
are associatedwith different life history strategies and taxonomic
groups (Blanco&Alberch, 1992; Franssen et al., 2005;Wake&
Shubin, 1998; Shubin & Wake, 2003). Whereas most research
into salamander limb development has focused on the neotenic
axolotl (Ambystoma mexicanum; Guimond et al., 2010) and
metamorphosing newts (Cynops and Notophthalmus; Kumar
et al., 2015), terrestrial direct development is the most common
life historymode among livingurodeles (Wake&Hanken, 1998;
Smirnov, 2008). Terrestrial direct development in amphibians is
associated with the “pre-displacement” of limb formation into
embryonic stages (Franssen et al., 2005;Gross,Kerney,Hanken,
& Tabin, 2011; Kerney & Hanken, 2008; Richardson et al.,
1998). Limbs begin to form early during embryogenesis,
coincident with neural tube closure, and are largely complete
prior to hatching (Collazo&Marks, 1989; Kerney, 2011;Marks
& Collazo, 1998; Richardson et al., 1998). This earlier onset of
limb formation is more similar to that found in amniotes than in
metamorphosing amphibians (Bininda-Emonds et al., 2007;
Galis, Wagner, & Jockusch, 2003; Young & Tabin, 2016).
There are only two published accounts of limb development
in direct-developing salamanders (Franssen et al., 2005; Shubin
&Wake, 1991). All direct-developing salamanders belong to the
Plethodontidae, which is the most speciose family of salaman-
ders.Moreover, the fact thatmost plethodontids exhibit terrestrial
direct development means that more than half of all living
salamander species have this developmental mode (Hanken,
2003). Similar to amniotes, digits in direct-developing Desmog-
nathus aeneus form within a limb “paddle” instead of extending
from a conical limb bud “palette” as occurs in most
metamorphosing species (Franssen et al., 2005; Nye, Cameron,
Chernoff, & Stocum, 2003). A paddle, however, is also seen
during limb development in the free-living larva of the stream-
dwelling D. quadramaculatus (Marks, 1995), indicating that a
paddle is not strictly associated with loss of the larval stage.
Direct developers also exhibit other features of limbdevelopment
that are regarded as “amniote-like” (Shubin & Wake, 1991;
Wake & Shubin, 1998). The “digital arch” (distal mesopodial
elements and condensations of digits I–III; Shubin & Wake,
2003) forms early and, inBolitoglossa subpalmata, is continuous
with condensations of the ulnare/fibulare and forms in a “weak
pre- to post-axial sequence” (Shubin & Wake, 1991). Early
formation of the digital arch is less apparent in type-II-collagen-
stainedD.aeneus,which formmetacarpal II andadigit II phalanx
before the basale commune and with no apparent connection to
the ulnare/fibulare (Franssen et al., 2005). Additionally, preaxial
dominance and early distal condensations in the autopod are less
pronounced in both of these direct-developing species than they
are in metamorphosing salamanders.
More comparative data for direct-developing species are
needed to determine the extent to which limb patterning in
salamanders may be altered during life history evolution. In
aquatic larvae of metamorphosing species, limbs develop
after hatching and thus may experience specific selective
pressures related to growing a limb while moving about in
pond or stream environments. These pressures are less
relevant to the embryos of direct-developing species, which
are enclosed within a protective egg capsule.
Here we describe the molecular morphology of limb-
skeletal patterning in direct-developing Plethodon cinereus by
analyzing expression of mRNA for the genes sox9 and col2a1
visualized through whole-mount in situ hybridization. Sox9 is
an HMG-box-containing transcription factor that can reveal
the initial differentiation of pre-chondrocytes before they form
extracellular matrix (Chimal-Monroy et al., 2003; Welten,
Verbeek, Meijer, & Richardson, 2005; Kerney & Hanken,
2008; Kerney, Gross, & Hanken, 2010; Lorda-Diez, Montero,
Diaz-Mendoza, Garcia-Porrera, & Hurle, 2011; Hayashi et al.,
2015). In situ hybridizations detecting sox9 mRNA are a
consistently useful technique for analyzing early skeletal
patterning (de Bakker et al., 2013; Guimond et al., 2010;
Kerney & Hanken, 2008; Kerney et al., 2010; Kumar et al.,
2015; Montero et al., 2017). The gene for type-II collagen,
col2a1, is a direct target of Sox9 transcriptional activation in
the chondrocyte lineage of amniotes and amphibians (Bell
et al., 1997; Kerney, Hall, & Hanken, 2009; Lefebvre, Huang,
Harley, Goodfellow, & de Crombrugghe, 1997; Ng et al.,
1997). In the direct-developing frog Eleutherodactylus coqui,
expression of sox9 reveals novel early distal patterning of the
autopod, while expression of col2a1 (Kerney et al., 2010) is
identical to the subsequent distribution of type-II collagen
revealed by immunohistochemistry (Hanken et al., 2001).
These two transcripts are used as proxies for the specification
and differentiation of chondrocytes, respectively (Montero
et al., 2017; de Bakker et al., 2013). Finally, we evaluate early
limb patterning in P. cinereus revealed by gene expression in
the context of previous work on skeletal patterning during
salamander limb development and evolution.
2 | METHODS
We collected embryos of Plethodon cinereus in Halifax,
Nova Scotia, Canada (Nova Scotia Department of Natural
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Resources permits to RK), and Michaux State Forest in
Adams County, Pennsylvania (Pennsylvania Fish and Boat
permit 727-type 1 to RK). Jelly capsules were removed from
early embryos after a 10-min immersion in 0.5% cysteine (pH
8.5) followed by multiple washes in phosphate-buffered
saline (PBS; pH 7.6) and manual extraction with watchmaker
forceps in PBS (Kerney, 2011; Kerney, Blackburn, Müller, &
Hanken, 2012). Embryos were fixed for 2 hr in MEMFA,
rinsed twice (5 min each) in DEPC-treated PBS, and stored in
70%methanol at−20 °C (Kerney &Hanken, 2008). Embryos
were staged according to the preliminary table proposed by
Dent (1942) and expanded by Kerney (2011).
Cloning of sox9 and col2a1 followed the protocol of
Kerney and Hanken (2008). Embryonic RNA was
extracted from a single individual with the Trizol Reagent
(Life Sciences) following the manufacturer's protocol.
Superscript II (Invitrogen) reverse transcriptase was used
to make a cDNA template using random hexamers.
Orthologies of col2a1 (GenBank MG515834) and sox9
(GenBank MG515833) sequences from Plethodon ciner-
eus were verified via phylogenetic analyses of the protein-
coding sequences (Figure 1). We obtained amino acid
sequences of P. cinereus Col2a1, Sox9 and closely related
orthologs from GenBank for selected model organisms.
We created multiple alignments using MAFFT v.7.0
(Katoh & Standley, 2013), which were trimmed to the
length of our sequences from P. cinereus. We used the
best-fit model of sequence evolution (Col2a1: LG+G;
Sox9: JTT+I+G+F) selected via ProtTest v.2.4 server
(Darriba, Taboada, Doallo, & Posada, 2011; http://darwin.
uvigo.es/software/prottest2_server.html) in a maximum-
likelihood analysis conducted using PhyML v.3.0 with 100
non-parametric bootstrap replicates (Guindon et al., 2010;
Figure 1).
Whole-mount in situ hybridizations followed established
Xenopus protocols (Sive, Grainger, & Harland, 2000) with
slight modifications for the larger embryos of direct-
developing amphibians (Kerney & Hanken, 2008). Whole-
mount clearing and cartilage staining with Alcian blue
followed Hanken and Wassersug (1981).
3 | RESULTS
Sox9 expression precedes col2a1 expression during the
differentiation of limb cartilages (Figure 2). Sox9 is first
detected in the forelimb during Stage 17, at which point it is
restricted to the presumptive proximal humerus. By Stage
19, sox9 expression has expanded to include the ulnar
column of the forelimb, the radius and manual digits II and
III. There is also distinct expression in the “median column”
(Vorobyeva & Hinchliffe, 1996) of the presumptive
intermedium and element C of the mesopodium, which
lies between the expression domains of the radiale
anteriorly and the ulnare posteriorly. By Stage 20,
expression of sox9 in the forelimb expands to include digit
I and the median column is more clearly defined. In the
Stage-21 forelimb, digit IV is more elongate, though sox9
expression is no longer detectable in this digit or in the rest
of the forelimb.
Expression of sox9 in the hind limb begins by Stage 19 in
the presumptive femur, the fibular column, pedal digit II and a
FIGURE 1 Maximum-likelihood phylogeny for fibrillar collagen (a)
and soxE class (b) homologs from selected model organisms. GenBank
accessions for each amino acid sequence follow the taxon name
TABLE 1 Stage-specific sample sizes for sox9 and col2a1 in situ
hybridizations
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proximal portion of the presumptive tibia. In the Stage-20
hind limb, sox9 expression includes digit III, but expression in
the median column is not distinct from the presumptive
fibulare. In the Stage-21 hind limb, sox9 expression only
reveals the distal phalanges of all five digits. Proximal
expression is no longer detectable.
Col2a1 expression in the limbs begins slightly later than
sox9 expression but otherwise follows similar spatial and
temporal patterns. At Stage 17, there is faint and indistinct
col2a1 expression in the forelimb but none in the hind limb.
During Stage 19, expression of col2a1 in the forelimb
includes the ulnar column, manual digit II and a proximal
portion of the radius. By Stage 20, forelimb expression
expands to include digits I and II. Expression in the median
column of themesopodials is discernable and continuous with
the presumptive ulnare (similar to Salamandrella key-
serlingii; Vorobyeva & Hinchliffe, 1996). In Stage 21,
col2a1 is strongly expressed in all four digits of the forelimb
and reveals some differentiation of the phalanges, meta-
carpals, and carpals.
Col2a1 expression begins in the hind limb by Stage 19,
when there is a faint and indistinct proximal region of
expression. In the Stage-20 hind limb, col2a1 is expressed in
the presumptive fibular column and a portion of the tibia, but
it is most strongly expressed in digit II with only faint
expression in digits I and III. By Stage 21, col2a1 is expressed
in all digits except digit V. Hind limb mesopodial elements
are well defined, but the tibial column and more proximal
limb cartilages are not discernable in col2a1 whole-mount in
situ hybridizations during Stage 21 (Table 1).
4 | DISCUSSION
4.1 | Patterns of differentiation
A cascade of molecular events and physical interac-
tions specify and commit mesenchymal cells to become
pre-cartilaginous condensations in the limb (Cooper, 2015).
Various condensation markers include Aniken patterns of
peripheral cells (Shubin & Alberch, 1986), type-II collagen
immunoreactivity (Franssen et al., 2005), peanut agglutinin
reactivity (Larsson & Wagner, 2002) and the expression of
col2a1 mRNA (Kerney & Hanken, 2008). Earlier markers
include expression of noggin:lacz or sox9:lacz transgenes
(Zhu et al., 2008), galectins CG-1A and CG-8 (Bhat et al.,
2011) and sox9mRNA (de Bakker et al., 2013). Expression of
FIGURE 2 Developmental expression of sox9 and col2a1 in embryonic fore- and hind limbs. All panels depict left limbs in dorsal view;
anterior is to the top. Arabic numerals denote distal carpals; digits are indicated by Roman numerals. BC, basale commune (fused 1st and 2nd
distal carpals/tarsals); C, centrale; F, fibulare; FE, femur; FI, fibula; HU, humerus; IN, intermedium; R, radiale; RA, radius; T, tibiale; TI,
tibia; U, ulnare; UL, ulna; Y, element Y. Scale bars equal 0.2 mm
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sox9 mRNA was found to be the earliest marker of
differentiating chondrocytes in a comparative study of
induced ectopic cartilage in the embryonic chicken wing
(Lorda-Diez et al., 2011). Given the apparent conservation of
the role of Sox9 in chondrocyte differentiation, whole-mount
in situ hybridization with sox9 has become a standard for
detecting early skeletal patterning (Montero et al., 2017).
Interestingly, the early patterning detectable through
sox9 mRNA distribution or reporters does not always
parallel the subsequent patterning of fully differentiated
condensations (de Bakker et al., 2013; Kerney & Hanken,
2008; Zhu et al., 2008). For instance, Zhu et al. (2008)
discovered novel patterns of mouse digit loss through a
conditional Shh deletion study that mirrored the specifica-
tion patterns revealed by sox9:lacz and noggin:lacz.
Contrary to these observations, our data for Plethodon
cinereus do not reveal differences between the early
patterning revealed by sox9 and the subsequent formation
of a committed condensation as revealed by col2a1. This
consistency reveals that the earlier patterning mechanisms,
which result in the specification of these chondrocytes
based on sox9, is reflected in the timing of their subsequent
differentiation, as revealed by col2a1. Thus, early pattern-
ing revealed by sox9 is not always different from that
revealed by later markers. Subsequent studies examining
the molecular patterning of tetrapod limbs would benefit
from including markers of multiple stages of chondrocyte
differentiation.
4.2 | Preaxial autopod patterning is
continuous with the postaxial Ulna/Fibula
Early patterning of the limb skeleton in Plethodon cinereus,
while consistent in many respects with that described for other
salamander species, is exceptional in several importantways that
may be a consequence of direct development. Similar to other
urodeles described to date, preaxial dominance of digit II is
apparent in both sox9 and col2a1 expression in the fore- andhind
limbs. However, this digital expression is continuouswith ulnar/
fibular expression and displays neither a distinct distal sox9
expression domain nor a separate condensation of col2a1-
expressing cells. In metamorphosing salamanders (reviewed in
Shubin andWake, 2003) and in Desmognathus aeneus, the one
direct developer that has been analyzed in detail (Franssen et al.,
2005), distal and independent condensations of the basale
commune and metacarpals/metacarpals I and II form separately
from the more proximal zeugopodial cartilages. The apparently
continuous patterning of the sox9- and col2a1-expressing digits
with more proximal condensations may be linked to the more
rapid specification of the limb in P. cinereus. However, such
continuous patterning is not observed in direct-developing E.
coqui, where there is early specification of an unconnected sox9
domain in digit IV (Kerney & Hanken 2008).
4.3 | No preaxial dominance in the zeugopod
Preaxial dominance of zeugopodial elements, in which the
radial/tibial column of differentiating cells is advanced in
comparison to the ulnar/fibular column, is a common
phenomenon in metamorphosing salamanders (Fröbisch,
2008). The additional presence of advanced radial/tibial
development in some fossil temnospondyls suggests that
preaxial dominance may have been widespread among early
tetrapods (Fröbisch et al., 2015). Preaxial dominance in the
zeugopod also occurs in direct-developing Desmognathus
aeneus (Franssen et al., 2005). However, differentiation of
chondrocytes is nearly synchronous between the two
zeugopodial columns within the P. cinereus limb bud.
4.4 | Early differentiation of axial digit II
The sequence of autopodial sox9 and col2a1 expression in P.
cinereus is similar to that of type-II collagen antibody
reactivity in direct-developing D. aeneus (Franssen et al.,
2005), as is the order of digit formation in both species: II-III-
I-IV-V (in the hind limb). However, in Bolitoglossa
subpalmata, another direct-developing plethodontid sala-
mander, digits I and II form simultaneously with the basale
commune prior to digit III (Shubin & Wake, 1991).
Simultaneous formation of digits I and II also is common
in metamorphosing salamanders (e.g., Desmognathus quad-
ramaculatus—Marks, 1995; Salamandrella keyserlingii—
Vorobyeva & Hinchliffe, 1996; Dicamptodon tenebrosus—
Wake & Shubin, 1998; Triturus marmoratus—Blanco &
Alberch, 1992; Ambystoma mexicanum—Shubin & Alberch,
1986). Delayed differentiation of digit I in P. cinereus and D.
aeneus remains unique to these species and may be
attributable to direct development within the subfamily
Plethodontinae, despite the presence of the more common
pattern in direct-developing B. subpalmata (subfamily
Hemidactyliinae). The one other known exception among
urodeles to the synchronous formation of digits I and II is in
the highly reduced hand of the neotenic Proteus anguinus in
which digit I forms first (Shubin & Alberch, 1986). The few
direct-developing salamander species studied to date offer an
inconsistent picture regarding the correlation between derived
features of limb formation and life history. However, it should
be emphasized that a sample size of three species is an
extreme under-representation of direct development, the most
common developmental mode of extant salamander species.
4.5 | No evidence of vestigial digits
Wagner, Khan, Blanco, and Misof (1999) propose that the
preaxial polarity characteristic of salamanders can be
attributed to their digits I and II being homologous with
digits III and IV of amniotes. According to this hypothesis, a
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common ancestor of salamanders (or possibly temnospond-
yls; Fröbisch et al., 2015) lost digits I, II, and V, leaving only
digits III and IV. Subsequently, new posterior digits III–IV
(III–V in the hind limb) were “reinvented,” making the
retained original digits III and IV assume the positional
identity of I and II in salamanders. Unique late-stage
expression of hoxa-11 in digit III of the eastern newt,
Notophthalmus viridescens, is cited in support of this model
and as evidence that the urodele digits III–IV (V) are
developmental novelties (Wagner et al., 1999). A similar
frame-shift hypothesis proposed to account for the identity of
bird digits (Wagner & Gauthier, 1999; Wang, Young, Xue, &
Wagner, 2011). This avian model was recently supported by
patterns of sox9 expression, which reveal vestigial digits in
the developing chicken wing (de Bakker et al., 2013).
Similar vestigial digits have been proposed for amphib-
ians. Steiner (1921) describes a vestigial prehallux along with
a vestigial sixth digit in the foot in the tiger salamander,
Ambystoma tigrinum (cited by Galis, van Alphen, & Metz,
2001), although neither structure is seen with sox9 staining in
the axolotl or newts (Guimond et al., 2010; Kumar et al.,
2015). More recently, Hayashi et al. (2015) provide evidence
that the prehallux in Xenopus tropicalismay constitute a sixth
digit, supporting the notion that amphibians are not con-
strained to a maximum of five digits (Galis et al., 2001).
Evolutionary retention of vestigial anterior digits in sala-
manders might be anticipated from Wagner et al.'s (1999)
frame-shift hypothesis, especially since such vestiges have
been reported in birds (e.g., de Bakker et al., 2013). However,
retention of sox9-expressing vestiges may be less likely in
salamanders than in birds given that the divergence times of
temnospondyls from early tetrapods are far longer than those
of Aves from terrestrial theropods. Our study revealed no
evidence of transient vestiges of digits that would be
consistent with these hypotheses of “extra” salamander digits.
4.6 | Limb development and regeneration in
plethodon cinereus
Data regarding limb development in direct-developing
species are relevant to recent proposals concerning the origin
of salamander limb regeneration. Galis,Wagner and Jockusch
(2003) hypothesize that salamander limb regenerationmay be
contingent upon post-hatching formation of the limb during
larval development and metamorphosis. They propose that
limbs of metamorphosing salamanders possess a highly
modular developmental autonomy, which allows limb
formation well after “pleiotropic constraints” of the highly
integrative phylotypic stage during embryogenesis. Such
autonomy of limb development would thus constitute a
prerequisite for the extensive regenerative abilities of adult
salamander limbs. Direct-developing Plethodon cinereus is
also capable of limb regeneration (Dinsmore & Hanken,
1984; Scadding, 1977; Sessions & Larson, 1987), though its
forelimbs form during the phylotypic stage and the hind limbs
form only slightly later (Kerney, 2011). It remains to be seen
whether or how limb patterning of direct-developing
salamanders is governed by the networked regulatory
interactions that simultaneously occur within the embryo as
opposed to the larvae of metamorphosing salamanders.
Future studies of early limb development of P. cinereus may
reveal the extent to which limb formation has changed during
the evolution of direct development and its relation to those
features that govern limb regeneration at later stages.
ORCID
Ryan R. Kerney http://orcid.org/0000-0002-4740-7735
James Hanken http://orcid.org/0000-0003-2782-9671
David C. Blackburn http://orcid.org/0000-0002-1810-
9886
REFERENCES
Bell, D. M., Leung, K. K., Wheatley, S. C., Ng, L. J., Zhou, S., Ling,
K. W., . . . Cheah, K. S. (1997). SOX9 directly regulates the type-II
collagen gene. Nature Genetics, 16, 174–178. http://doi.org/
doi:10.1038/ng0697-174
Bhat, R., Lerea, K. M., Peng, H., Kaltner, H., Gabius, H.-J., & Newman,
S. A. (2011). A regulatory network of two galectins mediates the
earliest steps of avian limb skeletal morphogenesis. BMC
Developmental Biology, 11, 6. http://10.1186/1471-213X-11-6
Bininda-Emonds, O. R. P., Jeffery, J. E., Sánchez-Villagra, M. R., Hanken,
J., Colbert, M., Pieau, C., . . . Richardson, M. K. (2007). Forelimb-
hindlimb developmental timing changes across tetrapod phylogeny.
BMC Evolutionary Biology, 7(1), 182–199. http://doi.org/10.1186/
1471-2148-7-182
Blanco, M., & Alberch, P. (1992). Caenogenesis, developmental
variability, and evolution in the carpus and tarsus of the marbled
newt Triturus marmoratus. Evolution, 46(3), 677–687. http://doi.
org/10.1111/j.1558-5646.1992.tb02075.x
Chimal-Monroy, J., Rodriguez-Leon, J., Montero, J. A., Ganan, Y.,
Macias, D., Merino, R., & Hurle, J. M. (2003). Analysis of the
molecular cascade responsible for mesodermal limb chondro-
genesis: Sox genes and BMP signaling. Developmental Biology,
257, 292–301. https://doi.org/10.1016/S0012-1606(03)00066-6
Collazo, A., & Marks, S. B. (1989). Development and evolution in two
species of plethodontid salamanders with differing life histories.
American Zoologist, 29, 86A.
Cooper, K. L. (2015). Self-organization in the limb: A Turing
mechanism for digit development. Current Opinion in Genetics
and Development, 32, 92–97. http://10.1016/j.gde.2015.02.001.
Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2011). ProtTest 3:
Fast selection of best-fit models of protein evolution.Bioinformatics,
27(8), 1164–1165. http://doi.org/10.1093/bioinformatics/btr088
de Bakker, M. A. G., Fowler, D. A., denOude, K., Dondorp, E. M., Navas,
M. C. G., Horbanczuk, J. O., . . .Richardson,M. K. (2013). Digit loss in
archosaur evolution and the interplay between selection and constraints.
Nature, 500(7463), 445–448. http://doi.org/10.1038/nature12336
KERNEY ET AL. | 105
Dent, J. N. (1942). The embryonic development ofPlethodon cinereus as
correlated with the differentiation and functioning of the thyroid
gland. Journal of Morphology, 71(3), 577–601. http://doi.org/
10.1002/jmor.1050710307
Dinsmore, C. E., & Hanken, J. (1984). Skeletal pattern variability in
native and regenerated limbs of the red-backed salamander,
Plethodon cinereus. Bulletin of the Mount Desert Island Biological
Station, 24, 70–71.
Franssen, R. A., Marks, S., Wake, D., & Shubin, N. (2005). Limb
chondrogenesis of the seepage salamander, Desmognathus aeneus
(Amphibia: Plethodontidae). Journal of Morphology, 265(1),
87–101. http://doi.org/10.1002/jmor.10339
Fröbisch, N. B. (2008). Ossification patterns in the tetrapod limb—
Conservation and divergence from morphogenetic events. Biologi-
cal Reviews of the Cambridge Philosophical Society, 83(4),
571–600. http://doi.org/10.1111/j.1469–185X.2008.00055.x
Fröbisch, N. B., Bickelmann, C., Olori, J. C., & Witzmann, F. (2015).
Deep-time evolution of regeneration and preaxial polarity in tetrapod
limb development. Nature, 527(7577), 231–234. http://doi.org/
10.1038/nature15397
Galis, F., van Alphen, J., & Metz, J. (2001). Why five fingers?
Evolutionary constraints on digit numbers. Trends in Ecology &
Evolution, 16(11), 637–646. http://doi.org/10.1016/S0169-5347(01)
02289-3
Galis, F., Wagner, G. P., & Jockusch, E. L. (2003). Why is limb
regeneration possible in amphibians but not in reptiles, birds, and
mammals? Evolution & Development, 5(2), 208–220. http://doi.org/
10.1046/j.1525–142X.2003.03028.x
Gross, J., Kerney, R., Hanken, J., & Tabin, C. (2011). Molecular
anatomy of the developing limb bud in the coqúi frog, Eleuther-
odactylus coqui.Developmental Biology, 356(1), 248. http://doi.org/
10.1016/j.ydbio.2011.05.549
Guimond, J.-C., Lévesque, M., Michaud, P.-L., Berdugo, J., Finnson, K.,
Philip, A., & Roy, S. (2010). BMP-2 functions independently of
SHH signaling and triggers cell condensation and apoptosis in
regenerating axolotl limbs. BMC Developmental Biology, 10(1),
15–17. http://doi.org/10.1186/1471-213X-10-15
Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., &
Gascuel, O. (2010). New algorithms and methods to estimate
maximum-likelihood phylogenies: Assessing the performance of
PhyML 3.0. Systematic Biology, 59(3), 307–321. http://doi.org/
10.1093/sysbio/syq010
Hanken, J., Carl, T. F., Richardson, M. K., Olsson, L., Schlosser, G.,
Osabutey, C. K., & Klymkowsky, M. W. (2001). Limb development
in a “nonmodel” vertebrate, the direct-developing frog Eleuther-
odactylus coqui. Journal of Experimental Zoology, 291(4), 375–388.
http://doi.org/10.1002/jez.1136
Hanken, J., (2003). Direct development. In B. K. Hall, & W. Olson
(Eds.), Keywords and concepts in evolutionary developmental
biology (pp. 97–102).Harvard University Press: Cambridge, MA.
Hayashi, S., Kobayashi, T., Yano, T., Kamiyama, N., Egawa, S.,
Seki, R., . . . Tamura, K. (2015). Evidence for an amphibian sixth
digit. Zoological Letters, 1, 17. http://doi.org/DOI10.1186/
s40851-015-0019-y.
Hinchliffe, J., & Griffiths, P. (1982). The prechondrogenic patterns in
tetrapod limb development and their phylogenetic significance. In
B. Goodwin, N. Holder, & C. Wylie (Eds.), Development and
evolution (pp. 99–121). Cambridge, UK: Cambridge University
Press.
Hinchliffe, J., & Johnson, D. (1980). The development of the vertebrate
limb: An approach through experiment, genetics, and evolution.
Oxford, UK: Clarendon Press.
Holmgren, N. (1933). On the origin of the tetrapod limb. Acta Zoologica,
14, 184–295.
Katoh, K., & Standley, D. M. (2013). MAFFT multiple sequence
alignment software version 7: Improvements in performance and
usability. Molecular Biology and Evolution, 30(4), 772–780. http://
doi.org/10.1093/molbev/mst010
Kerney, R. (2011). Embryonic staging table for a direct-developing
salamander, Plethodon cinereus (Plethodontidae). Anatomical
Record (Hoboken, N. J.), 294(11), 1796–1808. http://doi.org/
10.1002/ar.21480
Kerney, R. R., Blackburn, D. C., Müller, H., & Hanken, J. (2012). Do
larval traits re-evolve? Evidence from the embryogenesis of a direct-
developing salamander, Plethodon cinereus. Evolution, 66(1),
252–262. http://doi.org/10.1111/j.1558–5646.2011.01426.x
Kerney, R., Gross, J. B., & Hanken, J. (2010). Early cranial patterning in
the direct-developing frog Eleutherodactylus coqui revealed through
gene expression. Evolution & Development, 12, 373–382. http://doi.
org/DOI:10.1111/j.1525–142X.2010.00424.x
Kerney, R., Hall, B. K., & Hanken, J. (2009). Regulatory elements of
Xenopus col2a1 drive cartilaginous gene expression in transgenic
frogs. The International Journal of Developmental Biology, 54(1),
141–150. http://doi.org/10.1387/ijdb.092848rk
Kerney, R., & Hanken, J. (2008). Gene expression reveals unique
skeletal patterning in the limb of the direct-developing frog,
Eleutherodactylus coqui. Evolution & Development, 10(4),
439–448. http://doi.org/10.1111/j.1525–142X.2008.00255.x
Kumar, A., Gates, P. B., Czarkwiani, A., & Brockes, J. P. (2015). An
orphan gene is necessary for preaxial digit formation during
salamander limb development. Nature Communications, 6,
8684–8688. http://doi.org/10.1038/ncomms9684
Larsson, H. C. E., & Wagner, G. P. (2002). Pentadactyl ground state of
the avian wing. Journal of Experimental Zoology, 294, 146–151.
http://doi.wiley.com/10.1002/jez.10153
Lefebvre, V., Huang, W., Harley, V. R., Goodfellow, P. N., & de
Crombrugghe, B. (1997). SOX9 is a potent activator of the
chondrocyte-specific enhancer of the pro alpha1(II) collagen gene.
Molecular and Cellular Biology, 17, 2336–2346.
Lorda-Diez, C. I., Montero, J. A., Diaz-Mendoza, M. J., Garcia-Porrera,
J. A., & Hurle, J. M. (2011). Defining the earliest transcriptional
steps of chondrogenic progenitor specification during the formation
of the digits in the embryonic limb. PLoS ONE, 6, e24546. http://
10.1371/journal.pone.0024546
Marks, S. (1995).Development and evolution of the Dusky Salamanders
(genus Desmognathus). Berkeley: Unpublished Ph.D. thesis,
University of California.
Marks, S. B., & Collazo, A. (1998). Direct development in
Desmognathus aeneus (Caudata: Plethodontidae): A staging table.
Copeia, 1998, 637–648. https://doi.org/10.2307/1447793
Montero, J. A., Lorda-Diez, C. I., Francisco-Morcillo, J., Chimal-
Monroy, J., Garcia-Porrero, J. A., & Hurle, J. M. (2017). Sox9
expression in amniotes: Species-specific differences in the formation
of digits. Frontiers in Cell and Developmental Biology, 5,
2813–2816. http://doi.org/10.3389/fcell.2017.00023
Ng, L. J., Wheatley, S., Muscat, G. E., Conway-Campbell, J., Bowles, J.,
Wright, E., . . . Koopman, P. (1997). SOX9 binds DNA, activates
transcription, and coexpresses with type II collagen during
106 | KERNEY ET AL.
chondrogenesis in the mouse. Developmental Biology, 183(1),
108–121. http://doi.org/10.1006/dbio.1996.8487
Nye, H. L. D., Cameron, J. A., Chernoff, E. A. G., & Stocum, D. L.
(2003). Extending the table of stages of normal development of the
axolotl: Limb development. Developmental Dynamics, 226(3),
555–560. http://doi.org/10.1002/dvdy.10237
Richardson, M. K., Carl, T. F., Hanken, J., Elinson, R. P., Cope, C., &
Bagley, P. (1998). Limb development and evolution: A frog embryo
with no apical ectodermal ridge (AER). Journal of Anatomy, 192(3),
379–390. http://doi.org/10.1046/j.1469–7580.1998.19230379.x
Scadding, S. R. (1977). Phylogenetic distribution of limb regeneration
capacity in adult Amphibia. Journal of Experimental Zoology, 202,
57–67. http://doi.wiley.com/10.1002/jez.1402020108
Sessions, S. K., & Larson, A. (1987). Developmental correlates of
genome size in plethodontid salamanders and their implications for
genome evolution. Evolution, 41(6), 1239–1251. http://doi.org/
10.1111/j.1558–5646.1987.tb02463.x
Shubin, N. H., & Alberch, P., (1986). A morphogenetic approach to the
origin and basic organization of the tetrapod limb. InM. K. Hecht, B.
Wallace, & G. Prance (Eds.), Evolutionary biology (pp. 319–387).
New York: Plenum Press.
Shubin, N. H., &Wake, D. B. (1991). Implications of direct development
for the tetrapod limb bauplan. American Zoologist, 31, 8A.
Shubin, N., &Wake, D., (2003). Morphological variation, development,
and evolution of the limb skeleton of salamanders. In H. Heatwole, &
M. Davies (Eds.), Amphibian Biology Volume 5: Osteology (pp.
1782–1808). Chipping Norton, Australia: Surrey Beatty and Sons.
Sive, H. L., Grainger, R. M., & Harland, R. M. (2000). Early
development of Xenopus laevis. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press.
Smirnov, S. V. (2008). Direct development in the tailed amphibians
(salamanders), its origin and evolution. Zhurnal Obshchei Biologii,
69(3), 163–174.
Steiner, H. (1921). Hand und Fuss der Amphibien, ein Beitrag zur
Extremitaetenfrage. [Hand and foot of amphibians, a contribution to
the limb question]. Anatom Anzeig, 53, 513–542.
Tank, P. W., Carlson, B. M., & Connelly, T. G. (1977). A scanning
electron microscopic comparison of the development of embryonic
and regenerating limbs in the axolotl. Journal of Experimental
Zoology, 201(3), 417–429. http://doi.org/10.1002/jez.1402010308
Torok, M. A., Gardiner, D. M., Izpisúa Belmonte, J. C., & Bryant, S. V.
(1999). Sonic Hedgehog (shh) expression in developing and regenerat-
ing axolotl limbs. Journal of Experimental Zoology, 284(2), 197–206.
http://doi.org/10.1002/(SICI)1097-010X(19990701)284:2<197::AID-
JEZ9>3.0.CO;2-F
Vorobyeva, E. I., & Hinchliffe, J. R. (1996). Developmental pattern and
morphology of Salamandrella keyserlingii limbs (Amphibia,
Hynobiidae) including some evolutionary aspects. Russian Journal
of Herpetology, 3, 68–81. http://rjh.folium.ru/index.php/rjh/article/
view/279
Wagner, G. P., & Gauthier, J. A. (1999). 1, 2,3=2,3,4: A solution to the
problem of the homology of the digits in the avian hand.Proceedings
of the National Academy of Sciences of the United States of America,
96(9), 5111–5116. http://doi.org/10.1073/pnas.96.9.511
Wagner, G. P., Khan, P. A., Blanco, M. J., &Misof, B. (1999). Evolution
of Hoxa-11 expression in amphibians: Is the urodele autopodium an
innovation? American Zoologist, 39, 686–694. http://doi.org/
10.2307/3884447
Wake, D. B., & Hanken, J. (1998). Direct development in the lungless
salamanders: What are the consequences for developmental biology,
evolution and phylogenesis? The International Journal of Develop-
mental Biology, 40(4), 859–869. http://doi.org/10.1387/ijdb.
8877460
Wake, D. B., & Shubin, N. (1998). Limb development in the pacific giant
salamanders, Dicamptodon (Amphibia, Caudata, Dicamptodonti-
dae). Canadian Journal of Zoology, 76(11), 2058–2066. http://doi.
org/10.1139/z98-143
Wang, Z., Young, R. L., Xue, H., & Wagner, G. P. (2011).
Transcriptomic analysis of avian digits reveals conserved and
derived digit identities in birds. Nature, 477(7366), 583–586. http://
doi.org/10.1038/nature10391
Welten, M. C. M., Verbeek, F. J., Meijer, A. H., & Richardson, M. K.
(2005). Gene expression and digit homology in the chicken embryo
wing. Evolution & Development, 7(1), 18–28. http://doi.org/
10.1111/j.1525–142X.2005.05003.x
Young, J. J., & Tabin, C. J. (2016). Saunders's framework for
understanding limb development as a platform for investigating
limb evolution.Developmental Biology, 429(2), 401–408. http://doi.
org/10.1016/j.ydbio.2016.11.005
Zhu, J., Nakamura, E., Nguyen, M.-T., Bao, X., Akiyama, H., &
Mackem, S. (2008). Uncoupling sonic hedgehog control of
pattern and expansion of the developing limb bud. Developmen-
tal Cell, 14(4), 624–632. https://doi.org/10.1016/j.devcel. 2008.
01.008
How to cite this article: Kerney RR, Hanken J,
Blackburn DC. Early limb patterning in the direct-
developing salamander Plethodon cinereus revealed
by sox9 and col2a1. Evolution & Development.
2018;20:100–107. https://doi.org/10.1111/ede.12250
KERNEY ET AL. | 107
